T HE idea that high salt intake plays a key role in the development of "essential' ' (or "primary") hypertension was first suggested 80 years ago. 1 Since then, numerous epidemiological 2 and experimental 1 4 observations and therapeutic maneuvers (i.e., low sodium diets and treatment with natriuretic agents) have provided ample support for the view that Na + plays a role in the etiology of hypertension. Indeed, while the data in any one of these areas may not be conclusive, taken together, these three more-or-less independent approaches seem to provide compelling evidence that dietary Na + is an important factor in the etiology of essential hypertension. The mechanism by which Na + actually leads to the elevation of blood pressure is currently under intensive investigation.
Genetic factors also contribute critically to the development of hypertension both in animal models and in humans. 5 Renal transplant studies in several rat models 6 "" demonstrate that the genetic defects are expressed as defects in renal function and that the hypertension "goes with the kidneys." Recent observations in humans raise the possibility that the genetic defect in human essential hypertension may also be expressed as a malfunction of the kidneys:""" the blood pressure may rise (producing a pressure natriuresis) when the kidneys are otherwise unable to excrete the Na + load with which they are presented. Thus, not surprisingly, the pathophysiology of hypertension focuses on the interrelationship between the kidneys and the cardiovascular system, and on fluid and electrolyte metabolism. The kidneys are the end-organs that normally control Na + and water balance and thereby influence the hemodynamic status of the body.
In recent years a major effort has been made to identify possible genetic markers, such as defects in Na + transport, that might be useful for 1) identifying salt-sensitive individuals or those predisposed to the development of essential hypertension, and 2) elucidating the underlying pathophysiological basis of the disease. This approach was fueled by the initial observations that red blood cell (RBC) and white blood cell (WBC) Na + content was increased in many individuals with essential hypertension. u -"These cells are conveniently studied, and intracellular electrolyte composition can be readily and reliably measured without contamination by extracellular electrolytes. Since many of the Na + transport mechanisms that are present in kidney cell membranes (such as Na + + K + cotransport and Na + pumps) are also present in RBC and WBC membranes, much attention has recently been devoted to the study of Na + transport in RBCs and WBCs. Moreover, it seems reasonable to expect that genetic defects in electrolyte transport might be present in many tissues. 21 where it might be related to an elevation of blood pressure, 22 in those with hypokalemic conditions, and with inherited hemolytic anemias or muscular dystrophy.
14 Despite these complications, the fact that many individuals with essential hypertension, as well as some of their normotensive offspring, have high RBC and WBC (Na + l in may indicate that there is a widespread Na + transport defect in at least a subpopulation of the patients we now class as those having essential hypertension.
The possibility that |Na + ] m is elevated in various types of cells in hypertensive patients is particularly intriguing; such a defect in vascular smooth muscle cells could promote Ca 2+ entry and thereby help to explain the increased vascular tone and reactivity that produces the elevated blood pressure. 21 24 Thus, it has seemed logical to try to elucidate the mechanism(s) that gives rise to the increased |Na + l in . Moreover, many investigators have assumed that this may lead us to the genetic defect that appears to be responsible for the hypertensive process. Consequently, the study of ion (especially Na + ) transport processes in relation to hypertension has blossomed in the past few years, and recent issues of Hypertension have, appropriately, contained many reports on this subject; a number of them are mentioned below.
What Causes the Intracellular Sodium Concentration to Rise?
Numerous mechanisms are involved in the movements of Na + across the plasma membranes of various cells, and a defect or alteration in any one of them could potentially affect [Na + ] m . Passive movements, facilitated diffusion, and active transport processes have all been implicated in the pathogenesis of hypertension, and each will be discussed in turn. 2627 In the rat RBCs, the abnormal transport was observed only at low temperatures. This raises questions about its functional significance. Unfortunately, the term leak is usually used to denote an uncharacterized transport pathway, when all known specific transport pathways can be excluded. This leaves moot the question of its possible relationship to the underlying genetic defect in hypertension.
Increased

Increased Facilitated Diffusion
Increased facilitated (or carrier-mediated) entry of Na + may also cause |Na + ] m to increase. There are a large number of known carrier-mediated Na + transport systems, and several different ones have been implicated in the pathogenesis of hypertension.
/. Sodium-Lithium Countertransport. A specific increase in RBC Na + -Li + countertransport has been suggested as a genetic marker in essential hypertension. 28 Of course, this transport system does not mediate the exchange of Li + for Na + under normal physiological conditions. In RBCs, this same transport system may mediate the exchange of H + for Na + , as well as the isotopic exchange of Na + for Na + . 2< ' Under conditions of normal intracellular and extracellular pH, this carrier system probably operates as an Na + -Na + exchanger and does not mediate net transport of Na + across the RBC membrane. 29 Thus, it cannot account directly for the elevated RBC |Na + l m . The observed increase in RBC Na-Li exchange has been postulated to be a marker for increased Na + -H + exchange in the kidney: 30 it may enhance Na + reabsorption and, thus, contribute to the development of essential hypertension by promoting the secretion of a natriuretic hormone . While intriguing, this proposal raises several questions. The renal Na + -H + exchange mechanism has thus far been described only in proximal tubule cells, where it is limited by the availability of bicarbonate in the luminal fluid. Excessive H + entry into the lumen in the proximal tubule may adversely affect the secretion of H + , in the distal tubule and collecting duct, where the final urine composition and pH is determined. Thus, a defect in renal Na + -H + exchange may alter body Na + balance at the expense of a disturbance of acid-base balance, and perhaps a metabolic alkalosis. However, such a defect has not been decribed as characteristic of essential hypertension, nor is there any evidence that the response to acid or base loads is altered.
The RBC Na + -Li + exchange mechanism has been examined in several studies that are described in recent issues of Hypertension.
l6 -12 - 13 Smith et al. 34 have summarized the data from a number of previously published observations. The results are not all in agreement. Some workers have seen little or no increase in Na + -Li + countertransport in hypertensive patients, 16 33 while others have observed a substantial increase in many patients with essential hypertension.
32 -14 -35 Some investigators 12 15 find this effect in hypertensive Caucasians, but not in hypertensive blacks. In some cases, 34 but not others, 35 Na + -Li + countertransport was also increased in the normotensive first-degree relatives of patients with essential hypertension. In one study, the increase was seen only in male hypertensive subjects. 36 The situation is further complicated by the evidence that RBC Na + -Li + countertransport activity is increased during normal pregnancy 37 and that activity may be dependent upon a dialyzable plasma factor. 18 With this wide spectrum of observations, the only conclusion warranted is that some Caucasians with essential hypertension and some of their normotensive offspring 34 have increased RBC Na + -Li + countertransport activity. However, because of substantial overlap in activities between hypertensive and normotensive subjects with and without a positive family history, 34 this RBC countertransport activity is not useful as a genetic marker for essential hypertension. Its relationship to hypertension remains questionable.
2. Sodium and Potassium Cotransport. The RBC Na + + K + cotransport is usually defined as the ouabain-insensitive, furosemide-sensitive equimolar efflux (or influx) of Na + and K + . In many cases, these fluxes are measured after the RBCs are loaded to about the same level with Na + and K + . Problems in interpretation stem from the fact that nystatin or parachloromercuribenzene sulphonate is often used to render the RBCs transiently permeable to alkali metal ions while loading them into the cells; furthermore, the loading is not always identical, nor are the methods employed in different laboratories always the same.
The initial reports that RBC Na + + K + cotransport activity was reduced in patients The suggestion has been made 51 that the activity of the Na + -Ca 2+ exchange system may be increased (perhaps because of an increased number of exchanger molecules) in the vascular smooth muscle cells of spontaneously hypertensive rats. The implication is that this may cause |Ca 2+ ] m to increase and thereby promote increased contractile tension. However, an increase or reduction in the number of carrier molecules per cell (or per unit surface area), or a partial inhibition of the carriers, may not necessarily alter the final steady-state gradients that are achieved by Na + gradient-coupled transport systems. Such changes may simply alter the rate of approach to a steady state when one of the coupled gradients is altered.
A 60 Under these circumstances, the cells and tissues from hypertensive patients (or animals) could manifest either increased, unchanged, or decreased Na + pumping rates depending upon whether: 1) the inhibitor is dissociated from the pumps during tissue preparation for the transport assay; 2) there is a change in [Na + ] m as a result of pump inhibition; and/or 3) there is a compensatory increase in the number of pumps (and to what extent) when the pumps are chronically inhibited. The latter could also influence the observed change in [Na + ], n , and we have no information about the factors that might affect the extent of the compensatory changes in different tissues and in different individuals.
The data of Walter and Distler 61 may illustrate some of these problems. They found that the rate constant for the ouabain-sensitive Na + efflux was lower than normal in the RBCs from patients with essential hypertension. However, because |Na + ], n in these cells was slightly elevated, the absolute ouabain-sensitive Na + efflux was equal to that in the RBCs from normotensive controls. These results could be explained by partial inhibition of the Na + pumps in the RBCs from the hypertensive patients, compensated by arise in [Na + ] in . Without information about the number of ouabain-binding sites per RBC, we cannot determine whether there was also a compensatory increase in the pump density. Also, a pump inhibitor, if present on the RBCs, could have been removed (at least partially) when the cells were washed prior to the flux studies.
Recently, there has been greatly renewed interest in the search for circulating inhibitors of the Na + pumps (i.e., for endogenous digoxin-like substances)."
-~" Early evidence had indicated that such substances might have a natriuretic action and might be associated with uremia. 21 65 ** However, since more recent evidence has linked Na + pump inhibitors to essential hypertension," 5 " it seems tempting to consider the possibility that the same natriuretic, hypertensinogenic substance may play a role in the hypertension of uremia as well as in essential hypertension. 67 The experiments of Milner et al. 6 * may be particularly instructive in this regard. They studied Na + efflux in WBCs from two groups of matched normotensive subjects: those with a positive family history ( + FH) of essential hypertension, and those with a negative family history (-FH). Those with a +FH had WBCs with a depressed ouabain-sensitive Na + efflux, relative to the -FH group. After 7 days of diuretic therapy, the cardiac glycoside-sensitive WBC Na + efflux increased to normal in the + FH group, whereas there was no change in the WBCs from the normotensive group. These findings are consistent with the idea that prehypertensive individuals may require elevated levels of a circulating Na + pump inhibitor (natriuretic hormone) to excrete their daily Na + loads. This natriuretic hormone is also expected to promote Ca 2+ retention by vascular smooth muscle indirectly via Na + -Ca 2 + exchange, and thus it will tend to increase vascular tone. However, in the prehypertensive stage of essential hypertension, the cardiovascular reflexes may prevent the blood pressure from rising, and the direct action of the Na + pump inhibitor on the kidneys may be adequate to keep the body in Na + balance without a superimposed pressure natriuresis. 22 Diuretics may be expected to cause a loss of Na + and water and a consequent contraction of the extracellular fluid volume, which thereby removes the stimulus for the secretion of the natriuretic hormone (Na + pump inhibitor). 64 This would account for the increase in active Na + efflux and fall in |Na + ] m in RBCs and WBCs that have been observed in hypertensive and prehypertensive individuals following diuretic therapy. 70 -71 In this context it is worth noting that the recently characterized atrial natriuretic peptides are vasodilators 72 and that they do not affect renal Na + , K + -ATPase (J.M. Hamlyn, personal communication). 73 -74 The idea that there may be a circulating inhibitors) of the Na + pump has been a recurrent one in the literature over the past two decades. Nevertheless, no such substances (hormones) have been isolated to date. Part of the problem may be that the Na + pump (and Na + , K + -ATPase) is a very complex system, with multiple "substrates" (Na + , K + , Mg 2+ , ATP). The assay conditions are very critical, and relatively slight alterations, such as changes in ion composition (in (Na + l m or |K + ], W1 ), may produce artifactual inhibition or stimulation of ion transport or ATP hydrolysis. The key to isolation of the circulating inhibitor will be the development of a valid and convenient assay system. 
Conclusions
We are confronted with a bewildering (and perhaps excessive) array of observations, including many apparently contradictory ones. Like Holmes, we must sort out the evidence that is essential, so that we can piece together the '' very remarkable chain of events" that leads to the development of essential hypertension. The recurring theme that a renal defect is the initiating event may indicate that a new focus is needed; perhaps elucidation of the precise renal transport or hemodynamic defect in the saltsensitive animal models may provide a clue.
Thus far, the approach has been random: simply to try to identify some genetic defects in human RBC Na + transport that correlate with essential hypertension. The results have been disappointing: changes in Na + + K + cotransport and/or Na + -Li + countertransport activity are observed only in some patients with essential hypertension. We have no information about the quantitative relationship between these transport systems in the RBCs and their counterparts in kidney tubule cells; this may be most important. For example, does increased RBC Na + -Li + countertransport really reflect an increase in kidney Na + -H + countertransport activity? And even if it does, will this necessarily be expressed as a tendency for the body to retain Na + ? Does there have to be a defective ion transport mechanism in the kidneys at all, or could a hemodynamic defect 9 produce the same ultimate effect in Na + reabsorption? Could different individuals have different types of genetic defects? These are but a few of the critical questions that require answers and that we may now be able to tackle as more information on the pathogenesis of the elevated blood pressure becomes available.
If, as suggested by the renal transplant studies in humans 10 and animals, 6 " 8 the genetic defect is expressed only in the kidneys, we are left with the view that only a humoral mechanism can translate this renal defect into the increased arterial and venous smooth muscle tone and reactivity that is characteristic of hypertension. 75 -76 The elaboration of a natriuretic agent that is hypertensinogenic, as first suggested by Dahl, 67 would fulfill these requirements; it would help tie together at least some forms of renal hypertension, mineralocorticoid hypertension, and primary (essential) hypertension.
The evidence that the natriuretic hormone may be a circulating inhibitor of Na + pumps seems particularly intriguing in view of the recent observation that digoxin, a known Na + pump inhibitor, increases the reactivity of human vascular smooth muscle in vivo to agonists such as norepinephrine and angiotensin II. 77 This increased vascular reactivity is comparable to that seen in hypertension; 75 76 moreover, both cardiotonic steroids and plasma from patients with untreated essential hypertension sensitize isolated vascular smooth muscle to agonists. 22 -24 -78 -79 Interestingly, Tobian 80 has demonstrated that the isolated kidneys from young, prehypertensive Dahl salt-sensitive (DS) rats require a higher blood perfusion pressure through the kidney vascular bed to achieve the same rate of Na + excretion as kidneys from salt-resistant (DR) rats. Nevertheless, the kidneys from the normotensive DS rats must have been able to keep the animals in Na + balance. Thus, the reduced natriuretic capacity of the DS rat kidneys must be compensated for in vivo -perhaps by the secretion of relatively large amounts of a natriuretic hormone (possibly the circulating inhibitor of Na + pumps). These functional changes apparently begin even before the blood pressure goes up. This may have its parallel in the human situation: the elevated RBC and WBC [Na + ] in 19 -20 and the inhibited Na + pumps 68 in the normotensive offspring of hypertensive parents may be a clue. The circulating inhibitor (modulator) of the Na + pumps may be the missing link between the unknown primary (genetic) defect in the kidneys and the altered vascular smooth muscle tension (tone) that produces the elevated blood pressure. 22 
